% 51% % 6H/2024 £ 3 B/HmE L

JE Tl TR AR FR) 700 mW SRS 2.05 pom Ze 1 ik ek
2135 RAR® s

EE Y, LHE Y B, REAY BRY AHRT, SR, hES Y
PR RCER AR SO T RSB, K 300072,
PREERSF NGB ARRLEFTHEALRE, KA 300072;
RPN S e TR TR S RERE M/ REEALEE, AR FII 518060

TE  GE T 5T EE A AT R ISR 1 B 2.05 pm R MRS CIL B R AR G AR . IENCR A 4.6 m KR
BRIEAB LT ARy 38 45 A0 52, I JH A B0 2R 64045 B8 D0 2T 415 Ay T A R0 0% i A S 8 e 31 , 3 o 980 e T R R A A 4 I 22
LA AE Ty . 1 3.5 W ) 1570 nm BOGAGM T, 4% 1 B 714 mW /) 2048.6 nm BRUTAOE By Y, AR B A9 8% 3 4%

RN 25.1% , HoE Lk i 17 kHz.

KR WOLE BAURLTROLE; BEEEHERL; AR AIRA; 2 um 0L

FESFES TN248 XHkARERS A

1 5 5

2.0~2.2 pm P BRI R AR W B 2R K
BTN 11115 b e = B A el S M R S D VA2 N1 =
AR 15 45 F R R B L 4 (B O LR LU EE B
HBFER A AR KBTI B Ot
JEVRARE] T R R R . BRI BOG AT B BUR AR
B O R R R R BT R g (R B AR O IR
i o B T R e m A A 2 R ., 2021 4R
Walasik %38 T 5 T4 A WL 19 5 A [ it X
(DFB) 54556 £ 4= 5 2% , 76 800 mW i 1567 nm #Olk
FAW R L5 T A 65 mW 9 2051 nm B8 OG
i, B DFB & 8 0 A TR £ AR ME SR A 71 2 1Y
25 OERERBCRA A 8.5% o LE OGS IR Ik id A
— BER I 8 2 G EF VR T i AT s iR (SA) L 2
A7 WS HE PN O K A 5 9% 3 I, T JR SO0 o 4T B 2 1
P HIAE S AE6 4 ThIE sl 56, BT 7 A i i &k
N A 7545 6 £ 78 o 3R AL B AR AR AR /DS | T AR A
R (AR ) b7 4k I 38 A WG SRR T I B % S B
LA A7 G ARG BE AT T BE' . 2022 4F | Zhang S5R
M EBBRKA BT AT L5, AR IL B 4
YE R SA X BB OL£F ot 4 HEAT 840, 16 2.02 W 1)
1570 nm OCEW N, LM T BE LT HOLH &
215 mW O . TR S E R IE IR L

DOI: 10.3788/CJL230873

TR AL, o T 78 SA G 2F i I i 9% 37 52 B ik
BRI B, AR S 5] AT g8 LA i IO 45 A b kg Ot
WHHR FBG) , B 648 9 I 438 21 21 mo, AH R A A
[ B8 25 /0 3k ol 45 1 — 25 34 o 25 3 T R i SO e e TR
PRFFPRPMLIE HORAS . 5T A L, 2o s v i ok
Y B 5 B0 R 5, DN AT A R P BB AR N SA SE Lk
AT T RE , 45 R B 0 fRT B s B 0 s Kt B A R R
15 18 Dy 2RI

M TEEEF L KB T L "L BT ] DL o5 5
K06 I K, 78 2.0~2.2 um X 8] 4 48 KB % 58
T, A DL HE O A 2 pm LB U BE RO B2
BT B O BAR R 3 25 R0, H T B HOLA %
o A% 1 B T R R = AU BT Z Bl . 2009 4F, Wu
AR RARGE T RS T 4 A A B A% I ST (DBR) 4%
T4 () BT 4B RO A IR 3 i , AU BE O 2 em BB 2R Bk
B0 Bk 306 I B R B G AT 1E e 25 A
£ 500 mW 9 1950 nm BEE G WO HW T, k18
T H 60 mW (1) 2053 nm BT IEOG H . 2019 4F
Wolf & iR i T 5 F /D BB Bk A 6 2F (1 DFB BT
TR 4 £ 5.2 W 1125 nm BT O E
T L3848 T e 52 mW 8 2070 nm BB EOG T . BR
BB LF B 5 —Fh 52 B 2 pm I BTG 0 A R 25
A, R AR B F 1 FLRE R S 80 F I L RE S 22 B Y
A e P o B, 0T S BB = AR L LR, RO

i BEHEE: 2023-05-31; 1B BEH: 2023-07-02; FABH: 2023-07-10; MLEHEEZBH: 2023-08-07
EETH: BFHARPR S &4 (62105240, 62275190, 62075159, 61975146 ) | 1l 4348 T & #F & 3 H ( 2020CXGC010104 ,

2021CXGC010202) \ RKEE K 2% H FAH 3 4 (2023XPD-0020)

BIS1E#E . “shengquan@tju.edu.cn; “fucailing@szu.edu.cn; ““shiwei@tju.edu.cn

0601002-1


https://dx.doi.org/10.3788/CJL230873
mailto:E-mail:shengquan@tju.edu.cn
mailto:E-mail:shengquan@tju.edu.cn
mailto:E-mail:fucailing@szu.edu.cn
mailto:E-mail:fucailing@szu.edu.cn
mailto:E-mail:shiwei@tju.edu.cn
mailto:E-mail:shiwei@tju.edu.cn

#5514 £ 6H1/2024 £ 3 B/ E#N

A 6 85 S B B9 793 nm B 1570 nm 5 36 I 3K 15
B R 2 pm P BEROG B

A SR AR B IR B O A 95 H T R I BOE R
AN B B ARG ER VR SRy T At A A r) 3 A S R L S0
T 2.05 pm BAEOGIZF . 7E 3.5 W 1 1570 nm
WOLREW T 08 T 714 mW B B0 o eSS
B oA BT T A [ T R AL A Kot ST 3 R A A
RF T Y S I, R DG 45 SR SR v ) R PO BRIR B OL AR
JEAE DA R 2R M s SA AT BRTUOL £F O A 10 S B Ak
REET 5%

2 SRRH

2R M i B AR B AL B O AR IR A O S F dn & 1 BT
o IR e B 35 O T ik K BE R 4.6 m Y FRABEAE Bk
BN A0/ BE RS 45189 pm/125 pm, 6 4F
FE 1570 nm &b (9 27 0 I I R 5k 43 dB/m. BT I A
HRL 1570 nm YL EOLE s it D1R N 3.5 W,

SA fiber

OB

(D
HR FBG

1570 nm pump

FWDM1

Ot A >R FHIE 1] 38 7 2, Ot & — A~ 1570 nm/
2000 nm JE # # 9% 4> 2 H 4% LIFWDM1) #§ & i 3% 25
J£F, 5 — FWDM?2 B T 34 25 Y6 £F A v, FH T 08 Bk
R —XCEF AR P As M & T %35 7% P9 o A4 %,
IR B i S A R B G EF A R G (PR FBG)
B D KR 2048.69 nm, SR R 39.7 %, 3 dB A e
5 0.075 nm, B # 1T 8" M A . HR FBG ) H0 3
K20 2048.76 nm, ) 1% >99.5%,3 dB 7 95 0.35 nm.
R SR IRV AS B Y 2 % 7 HR FBG Ml FWDM 1
ZEIMAT —BEREW O BECTE R SA, H 1
2.05 pm AL I R ELZ R 0.5 dB/m. BAREEEK LB
JGEF AR ES T 7E 2.05 pm BiE T A BT R Y R i AR
T T B SA A 3h 256, (2 o Wl &R B0
SA 2R EOEES AR, TCTE N FH K 1) G 41 14 i 1k
AR S R ARSI SR T 2 pem I B WO T
FHXT B2 /N 3B 42 G 47 VE O SA 38 3 % K B2 R A7
Ak, 7F 3 55 28 4 2 BE 1Y) [R] B 3R A T v D) SR RO

gain fiber

i —Z@nm—« laser output

FWDM2 PR FBG

BT SRR B R B OB AT Ot d B0 A5 F 7R 2 TR

Fig. 1 Structural diagram of single-frequency Tm®*"/Ho" -codoped fiber laser

3 R

MR F8 1 R A9 B9F 7 465 SR R E0, o T 48 4 vk A TRD A
SA ML, HoK BE B T8 B 3h 25 M i 5 9 B s |
AT LB YR as 50 Ha K SA YR & ff
5O A R B R OGRS AR TR A S rp i
Ak SA LR K B | - £l 35 4% g 1 R RE , N T AR A5
Uy RO o S8 b Ay ST T R In A SA L K
SAKEE A 1.5 m 1 2.5 m O B9 5 B 4tk . R A
Ty R 2 A5 B 0 O i b T R & & 2 R, H
R HI AT R S0 T R AR SRR o R LA AR, A
/25D FRIE 20 9 R R R TR T ) L 2 Y s
B, KA SAB, BOGCEE N 0.53 W, BOGH T 2=
Bl T D) R MR M I TR O 3.5 WL AR AR Y
B R BOGH BT R 813 mW, BOEAI R FE () K
26.9% ,66EECE K 23.2% . ZBRF FWDMI 1y I %
KZRE T, LR A kS A W Y . TE B K
HIIERT i FWDM2 A9 B 5 i 110 A5 i J6 4% 28 1
RN 10 mW, 2 4.6 m K EE B 528
T I BIF W SN BN AKE R 1.5 m M
2.5 m 1 SA B, 6 BE 3] ETH$) 0.62 W F10.72 W,
B R EM P 3.5 W R B3O S Ih R4 B R 2
773 mW 1 714 mW , X A7 (1) #2053 5 26.1 % Fi
25.1% , IR N 22.1% F120.4% . B FAHENSAM

900

/0 1.5 m SA single/multi-longitudinal-mode
A 2.5 m SA single-longitudinal-mode g
multi-longitudinal-mode P

750 } O noSA

600 |

450 |

300 |

Output power /mW

150 ¢

0 05 10 15 20 25 30 35 4.0
Pump power /W

P2 BRI B 0 2T WO A% i 1 S 25 Bl 2 R 4 Il
(o g SE B8 I i Bl SE 2N ZR PR A 550

Fig. 2 Output power of Tm*"/Ho* -codoped fiber laser versus

pump power with experimental measurement data shown

by points and linear fitting results shown by solid lines

BAE L XHE S OCAFAE W, SA K B hn &4 — 52
FEBE I BRI AR RCE

FEAR TR BE SA Z T, i 0O /9 R e 3
BT 2. BATR MR- P H AT W
(FPI, 4 ¥ %}y 67 MHz) 18 3% 4 #4000 B T A [H]
K SA FEOGA M PRRE M hE 20 LA W 7
KA SA B, #6581 & Ab T 2P B8 5ok 24
SA K R 1.5 m BF, SA 51 OG5 A9 A 4R

0601002-2



#5514 F 6H1/2024 £ 3 B/ E#N

HREIEX
REPE AR, fE 2.8 W I LU 19 282 T T 55 [ 0ot
TR PR RR RABLIZ B | UE— 25 38N S TR Ok A8 0 AR
N2 YRS R B B I R 571 mW
MM 24 SA KB R 2.5 m B, #0648 BB 98 I Z R R fa
I BA YN G5 IR 2, 3.5 W i R ZE 0 I R T B 4\ iy
WMIFERE 714 mW. K 3(a) (D) rala Tk
WP AN SA K BEER i D R0 714 mW B A9 306
B RN AR, Horp FSR oM A B JE H . 24 SA
KN 1.5 m B, FPTHE P B8 Bt b Z 9Bt
B F R FS 7R S o mT 0L B 5 PR o A ) A R

W, B A 18] B o 12 MHz, 5 0 i 306 3% R 5 O K
8.6 m) MY F H 63 v W) &, DA b o A 58 0 1) 7 AR
R 4B LB A M 51 R A o Y SA B BB in =
2.5 m B, FPTH 35 8 om0 &8 8 B8 e 1Y B gL
iz FOR A 7R B0 AR R £ 3 AH AR A0 [R] (% 41
AR o Pl AT IR SA SE B IR AR ) g 09 IR B AT AT, 24 SA
KER 1S mil , kMg h AR EREHIET
THEBOCR N AR RS . MR E SA K E
HEME] 2.5 m, FEARE 1 0o, SEEE TR E 1Y B A
WOt

-30 -30
©) u 1.0 (b) g 1.0
2 FSR of 10 GHz k=1 FSR of 10 GHz
£08 £ 038
-501 06 -50 | £ 06
é 204 é 204
17 17}
< = = =1
> -70f goz > -70 | PEJ 0.2
w = : A 7 |
g 0 5 10 15 20 g 0 5 10 15 20
g Frequency /GHz E 90 Frequency /GHz

0 100 200 300 400 500
Frequency /MHz

0 100 200 300 400 500
Frequency /MHz

P03 A SAKBE R th 2200 714 mW IR B BG LR O & i35 FPE o (2) 1.5 m;(b) 2.5 m
Fig. 3 Spectra and waveforms of Tm*"/Ho" -codoped fiber laser at output power of 714 mW under different SA lengths. (a) 1.5 m;

FEERIIHO G IR KM T 20 714 mW B9 5500 F L6
BEMHTAL (OSA, 43 FEH 9 0.05 nm) 1T 5% B9 O G 18 4
B4 PR BT 0¥ K 2048.6 nm, 7E 1.9~2.0 pm
W B A7 AE — 2 MK A & 549 (ASE) # 4y, Hob e
1950 nm #11 2000 nm Fff 3 47 76 P54 0, 49 ) 56 i Tm®*
B °F,—"H, Bk 1T F1 Ho™ (9L~ T, B i, 306 By H AR X
ASE BIf5E M H R ~60 dB. & 445 B Sk BR800 O6 Hn H oh
Fh 714 mW I} 2047~2050 nm 38 [ N 09 80661 |
O A XS N ASE FUMEME L 7E 75 dB L L .

10

10
g -5
518 0}
g | &35
g 20 g -50¢
2 g5 5 %r
g -80 - -
8 2047 2048 2049 2050
5 -50r Wavelength /nm
-65
-80
1700 1800 1900 2000 2100
Wavelength /nm

B4 USROG 2Ry 714 mW IR OE G S
Laser spectrum when output power of single-frequency
laser is 714 mW

Fig. 4

S 36 vh R O H 0 8 (PD) A3 43 A A )
1O A AR X 9 B R (RIND AP 181 5Ca) ((b) BIr

=

(b) 2.5 m

@

RIN /(dB/Hz)

0:5 l.b 1;5 2|.0 2‘.5 3.0
Frequency /MHz
A5 2050 nm SO LT O A% 75 A 18] i D) 57T B0 A Xl 5 A
7 (a) 407 mW;(b) 714 mW
Fig.5 RIN of 2050 nm single-frequency fiber laser under
different output powers. (a) 407 mW; (b) 714 mW

N3 ) R O T E R 407 mW T 714 mW ()
RIN ¢, WO &5 1Y 5th B2 4% 35 4% ) 0.17 MHz % 3 3|
0.20 MHz, ith B 9% 3% W {8 5% F (i — 102 dB/Hz 3§ fin &
—100 dB/Hz. fE1 MHz Pk F 45275 [ P RIN 422 301 )
KRG — 147 dB/Hz = A R . [ 5 7 0.4 MHz it
T A0 2R W 7 % A AR 5 A S T KSR A AE L
W2 0 2R 5 H ) R M

K AER [ A6 2 2 80 FUBE 70 BT AXHE 714 mW
o i ) ST N A O G 4R B, 45 L An K] 6 Bir

0601002-3



ARIEXL

-30 - measured result

—— Lorentzian fitting curve

_50 |
=
8 _nf ~20 dB linewidth;
i 340 kHz
g -9
K|

-110

130 99 100 101 102

Frequency /MHz
6 e B A 2 R O 714 mW R FESR [ AR 25 R oA
2050 nm FA ' LT O HY 2k 5T
Fig. 6 Measured linewidth of 2050 nm single-frequency fiber

laser using delayed self-heterodyne system at maximum

single-frequency output power of 714 mW

TN o IR R A PG LT AE 2.05 pm Kb A AL K AL, D
HH A AE R SEET R T 100 m K A SRR 2R I 15 5
B AR AT 5 T Rk S IR AR 25 R AL, A T 0 P R OR L 4%
1) JE A M 2 A 09 A A4 DRI A8 25 R A 25 1
FEAT LIE RO L R — A3 %, 2%
ZEPNA R R — 20 dB £k 95k 340 kHz, M 1 #0Ot k
S 17 kHz, S fE A A9 26 5 05 8 0T 38 o 7R I B0OG 5 4R
ST H 4R 98 5 1 U0 R AR AR A
4 4 1w

Wil T THBEOLL SA LMk 2048.6 nm FA
SREKILB A O SE . SCIRFIT T SA K X0
R PR B2 1 SA K E 2.5 m &MU,
AT T S 714 mW B BB G D) 32, XN Y SO R
BOR N 25.1% , 6RO N 20.4 %, R R E IR &
PETR OGB4 e 3k B 60 dB, AR X 5 E M 7 s N
—102 dB/Hz, #6456 h 17 kHz, %45 FAEH TR T
SA I EF B 1) 2 1 B 25 ke T S B i 1) SR B i
B N RSO IR G A s DRI T 2%

Z % x M

[1] FuSJ, ShiW, Feng Y, et al. Review of recent progress on single-
frequency fiber lasers[J]. Journal of the Optical Society of America
B, 2017, 34(3): A49-A62.

[2] Fu S J, Shi G N, Sheng Q, et al. Dual-wavelength fiber laser
above 2 pm based on cascaded single mode-multimode-single mode
structures[J]. Optics Express, 2016, 24(11): 11282-11289.

(3] W fh, AP, BEAR, AF PR RE B OL £F WOL AR BF 52t R
2017—2021(45#0)[7]. LA S HOE TR, 2022, 51(1): 20210905,
Shi W, Fu S J, Sheng Q, et al. Research progress on high-
performance single-frequency fiber lasers: 2017-2021 (Invited)[J].
Infrared and Laser Engineering, 2022, 51(1): 20210905.

[4] Renz G, Bohn W. Two-micron thulium-pumped-holmium laser
source for DIRCM applications[J]. Proceedings of SPIE, 2007,
6552: 655202.

[5] BarriaJ B, Mammez D, Cadiou E, et al. Multispecies high-energy
emitter for CO», CH4, and H.O monitoring in the 2 pm range[J].
Optics Letters, 2014, 39(23): 6719-6722.

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

0601002-4

#5514 £ 6H1/2024 £ 3 B/ E#N

Szlauer R, Gotschl R, Razmaria A, et al.

vaporesection of the prostate using the continuous-wave 2- pum

Endoscopic

thulium laser: outcome and demonstration of the surgical technique
[J]. European Urology, 2009, 55(2): 368-375.

Shi C D, Fu S J, Shi G N, et al. All-fiberized single-frequency
silica fiber laser operating above 2 um based on SMS fiber devices
[J]. Optik, 2019, 187: 291-296.

Tench R E, Romano C, Williams G M, et al. Two-stage
performance of polarization-maintaining holmium-doped fiber
amplifiers[J]. Journal of Lightwave Technology, 2019, 37(4):
1434-1439.

Beaumont B, Bourdon P, Barnini A, et al. High efficiency
holmium-doped triple-clad fiber laser at 2120 nm[J]. Journal of
Lightwave Technology, 2022, 40(19): 6480-6485.

Thomas E, Ryan L, Imtiaz M, et al. 1-kW, all-glass Tm: fiber
laser[EB/OL].  [2023-05-06].  http: /www.qpeak.com/sites/
psicorp.com/files/articles/PW % 202010 % 201kW % 20Tm _fiber %
20laser.pdf.

Walasik W, Traoré D, Amavigan A, et al. 2 pm narrow linewidth
all-fiber DFB fiber Bragg grating lasers for Ho- and Tm-doped
fiber-amplifier applications[J]. Journal of Lightwave Technology,
2021, 39(15): 5096-5102.

Zhang J X, Sheng Q, Zhang L, et al. 2.56 W single-frequency all-
fiber oscillator at 1720 nm[J]. Advanced Photonics Research,
2022, 3(2): 2100256.

Zhang L, Sheng Q, Chen L, et al. Single-frequency Tm-doped
fiber laser with 215 mW at 2.05 pm based on a Tm/Ho-codoped
fiber saturable absorber[J]. Optics Letters, 2022, 47(15): 3964-
3967.

Kuan P W, Fan X K, Li X A, et al. High-power 2.04 pm laser in
an ultra-compact Ho-doped lead germanate fiber[J]. Optics
Letters, 2016, 41(13): 2899-2902.

WulJF, YaoZ D, Zong ] E, et al. Single requency fiber laser at
2.05 pm based on Ho-doped germanate glass fiber[J]. Proceedings
of SPIE, 2009, 7395: 71951K.

Wolf A A, Skvortsov M I, Kamynin V A, et al. All-fiber
holmium distributed feedback laser at 2.07 pm[J]. Optics Letters,
2019, 44(15): 3781-3784.

Oh K, Morse T F, Weber P M, et al. Continuous-wave
oscillation of thulium-sensitized holmium-doped silica fiber laser[J].
Optics Letters, 1994, 19(4): 278-280.

Wang Z H, Zhang B, Liu J, et al. Recent developments in mid-
infrared fiber lasers: status and challenges[J]. Optics &. Laser
Technology, 2020, 132: 106497.

Xue G H, Zhang B, Yin K, et al. Ultra-wideband all-fiber tunable
Tm/Ho-co-doped laser at 2 pm[J]. Optics Express, 2014, 22(21):
25976-25983.

Kishi N, Yazaki T. Frequency control of a single-frequency fiber
laser by cooperatively induced spatial-hole burning[J]. IEEE
Photonics Technology Letters, 1999, 11(2): 182-184.

Poozesh R, Madanipour K, Parvin P. High SNR watt-level single
frequency Yb-doped fiber laser based on a saturable absorber filter
in a cladding-pumped ring cavity[J]. Journal of Lightwave
Technology, 2018, 36(20): 4880-4886.

Zhang J X, Sheng Q A, Zhang L, et al. Single-frequency 1.7-pum
Tm-doped fiber laser with optical bistability of both power and
longitudinal mode behavior[J]. Optics Express, 2021, 29(14):
21409-21417.

Zhu N H, Man J W, Zhang H G, et al. Lineshape analysis of the
beat signal between optical carrier and delayed sidebands[J]. IEEE
Journal of Quantum Electronics, 2010, 46(3): 347-353.

Yang C S, Zhao Q L, Feng Z M, et al. 1120 nm kHz-linewidth
single-polarization single-frequency Yb-doped phosphate fiber laser
[J]. Optics Express, 2016, 24(26): 29794-29799.

Yang C S, Guan X C, Lin W, et al. Efficient 1.6 pm linearly-
polarized single-frequency phosphate glass fiber laser[J]. Optics
Express, 2017, 25(23): 29078-29085.


http://www.qpeak.com/sites/psicorp.com/files/articles/PW%202010%201kW%20Tm_fiber%20laser.pdf
http://www.qpeak.com/sites/psicorp.com/files/articles/PW%202010%201kW%20Tm_fiber%20laser.pdf
http://www.qpeak.com/sites/psicorp.com/files/articles/PW%202010%201kW%20Tm_fiber%20laser.pdf

#5514 F 6H1/2024 £ 3 B/ E#N

700 mW Single-Frequency Linear Cavity Tm’*/Ho’*-Codoped Fiber Laser at
2.05 pym Based on Saturable Absorber

Jiang Peiheng"”, Shi Chaodu'”, Chen Lin’, Fu Shijie"”, Sheng Quan'”, Fu Cailing”",
g g ] g g
Shi Wei"*™, Yao Jianquan"~

'School of Precision Instrument and Optoelectronics Engineering, Tianjin University, Tianjin 300072, China;
*Key Laboratory of Optoelectronics Information Technology, Ministry of Education, Tianjin University, Tianjin
300072, China;

‘Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and Guangdong Province, College of

Physics and Optoelectronics Engineering, Shenzhen University, Shenzhen 518060, Guangdong, China

Abstract

Objective Single-frequency lasers with wavelengths above 2 pm have attracted significant interest because of their numerous
applications in areas such as biomedicine, Doppler LIDAR, and space optical communication. Although the power of the fiber master
oscillator power amplifier (MOPA) around 2 pm has already reached the kilowatt level, the output powers of single-longitudinal-mode
(SLM) laser oscillators in this wavelength region are still limited to the hundred-milliwatt level due to the laser gain and frequency-
selection approaches. When a piece of unpumped rear-earth doped fiber is found inside the cavity of a laser, the standing wave field
inside it results in a dynamic grating because of the Kerr effect. Moreover, the absorption loss of the doped fiber is small under the
oscillating longitudinal mode but considerably larger under the side modes. These processes may provide a strong frequency-selection
effect, thus allow lasers with longer cavity lengths and resulting higher laser gain to operate in SLM. In this study, we demonstrate an
efficient SLM fiber laser at 2050 nm. A piece of Tm* /Ho’ -codoped fiber is used as gain fiber to provide a laser gain at over 2 pm
wavelength, while a piece of Tm® -doped fiber is inserted into the laser cavity as the saturable absorber (SA) for frequency selection.
A linear cavity scheme is adopted, rather than the ring cavity usually used in SLM cavity lasers, based on the fiber SA approach to
enhance longitudinal mode spacing for a higher power SLM output. A maximum SLM 2050-nm laser output power of 714 mW is
obtained under the incident 1570-nm pump power of 3.5 W.

Methods A schematic of the SLM laser is given in Fig. 1. The gain fiber used is a piece of 9-pm/125-pm Tm""/Ho’"-codoped fiber
with a length of 4.6 m. The pump light launched from a 1570-nm fiber laser is coupled into the core of the active fiber via the filter
wavelength division multiplexer 1 (FWDM1). Two fiber Bragg gratings (FBGs) are used to make the linear laser cavity. The
reflectivity and 3-dB bandwidth of the partially-reflective FBG with its pigtail angle cleaved at 8" are 39.7% and 0.075 nm,
respectively. The Tm® -doped SA fiber used has a core absorption coefficient of 0.5 dB/m at 2050 nm. Another FWDM?2 is used to
couple the residual pump out of the oscillator.

Results and Discussions It is known that longer SA fibers have a stronger frequency-selection capability; however, their
oscillation mode losses are greater, resulting in reduced laser power and efficiency. In the experiment, we use SA fibers with lengths
of 1.5 m and 2.5 m. The laser wavelength determined by the FBGs 1s 2048.6 nm. Without the SA fiber in the cavity, the laser output
power is 813 mW under the maximum 1570-nm pump power of 3.5 W, with a slope efficiency of 26.9%. When the 1.5-m and 2.5-m
long SA fibers are added to the cavity, the laser output power under the same pump power decreases to 773 mW and 714 mW , with
slope efficiencies of 26.1% and 25.1% , respectively, as shown in Fig. 2. The laser threshold also increases from 0.53 W without the
SA to 0.62 W and 0.72 W when the two pieces of SA are used. With the 1.5-m long SA fiber, the laser is in SLM with a pump power
of 2.8 W and lower (571-mW output power), which is confirmed using a scanning Fabry-Perot interferometer and the spectrum. For
higher pump powers, the laser becomes multi-longitudinal-mode because of the insufficient frequency-selection capability. When the
2.5-m long SA fiber is used, the laser maintains stable SLLM operation from the 0.72-W threshold pump power to the 3.5-W maximum
pump power, with a maximum output power of 714 mW [Fig. 3(b)]. The optical spectrum recorded by the optical spectrum analyzer
shows an optical signal-to-noise ratio (OSNR) of ~60 dB between the 2048.6-nm laser and the 1.9 2.0 pum amplifier spontaneous
emission (ASE) peak, whereas the in-band OSNR is beyond 75 dB (Fig. 4). The 3-dB spectral linewidth of the SLM output is
measured to be 17 kHz using the delayed self-heterodyne interferometer technique at the maximum power of 714 mW (Fig. 6).

Conclusions In this study, we demonstrate a linear cavity SLM Tm® /Ho’ -codoped fiber based on a Tm® -doped SA fiber for
frequency selection. The laser delivers a 714-mW SLM output at 2048.6 nm under a maximum 1570-nm pump power of 3.5 W, with
a slope efficiency of 25.1% and an optical efficiency of 20.4%. The influence of the SA fiber length on the frequency-selection
capability and the supported SLM output power is experimentally investigated. The results show that a linear cavity with an SA fiber

inside can achieve a high-power SLLM laser output.
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